Preparation of whole organ ECM by decellularization through vascular perfusion can maintain much of the native threedimensional (3D) structure, strength, and tissue-specific composition. A 3D cardiac ECM (C-ECM) biologic scaffold material would logically have structural and functional advantages over materials such as Dacron TM for myocardial repair, but the in vivo remodeling characteristics of C-ECM have not been investigated to date. Methods and Results: A porcine C-ECM patch or Dacron patch was used to reconstruct a full-thickness right ventricular outflow tract (RVOT) defect in a rat model with end points of structural remodeling function at 16 weeks. The Dacron patch was encapsu-
Introduction
Approximately 3 in 1,000 infants require corrective surgery for congenital heart defects (CHD) within the first year of life [Lloyd-Jones et al., 2009] . Currently available homografts and synthetic biomaterials for surgical reconstruction are typically associated with rejection, stenosis, aneurysm formation, and calcification [Sousa Uva et al., 1994; Rajani et al., 1998; Breymann et al., 2009; Hickey et al., 2009; Konuma et al., 2009] . Even if corrective surgery is not required for the complications listed above, additional surgery may be required to accommodate the growth of the patient since available nonresorbable materials do not change size or shape over time as the surrounding tissue develops proportionally with the patient [Sousa Uva et al., 1994; Hickey et al., 2009] . In contrast, non-cross-linked biologic scaffold materials composed of extracellular matrix (ECM) are typically degradable, associated with a robust host cellular response and deposition of neomatrix that does remodel appropriately in response to host factors such as growth or change in mechanical loading. Use of such biologic scaffold materials has been shown to promote a site-appropriate constructive remodeling response of numerous tissue types including the heart Ota et al., 2007; Gilbert et al., 2008; Kelly et al., 2009] .
Since the surface characteristics [Brown et al., 2010] , mechanical properties [Freytes et al., 2006 [Freytes et al., , 2008 , and ultrastructure [Brown et al., 2006; Wainwright et al., 2010] of the ECM harvested from each tissue are distinct and unique, it is logical and plausible that a cardiac ECM (C-ECM) material would be best suited to facilitate the constructive remodeling of cardiac tissue. C-ECM has been produced by several laboratories and has shown multiple structural and functional benefits over synthetic materials [Ott et al., 2008; Singelyn et al., 2009; Eitan et al., 2010; Wainwright et al., 2010] . A detailed method to decellularize an intact porcine heart in less than 10 h has been described [Wainwright et al., 2010] . Whole heart C-ECM in an in vitro perfusion system has been shown to support contractile cardiomyocytes that generate aortic pressure [Ott et al., 2008] . Singelyn et al. [2009] showed angiogenesis after injection of a gel form of C-ECM in a noninfarct cardiac rat model. While each of these studies showed the potential benefits of C-ECM, none compared C-ECM to a clinically used material for ventricular reconstruction.
The objective of the present study was to assess the ability of C-ECM as a patch material to replace and remodel a full-thickness right ventricular outflow tract (RVOT) defect in a Lewis rat model. Results were compared to those of a Dacron TM patch which is commonly used for myocardial reconstruction.
Methods
Overview of Experimental Design C-ECM was compared to Dacron for myocardial reconstruction in a right ventricular defect model. Specifically, a 6-mm diameter C-ECM patch and Dacron patch were used to replace a full-thickness RVOT defect in a rat model. The primary end points of the study were histomorphology and echocardiographic assessment. Eleven rats were included in each group and 8 of these animals were sacrificed at 16 weeks postsurgery. One additional rat from each group was sacrificed at 2, 4, and 8 weeks to obtain a preliminary evaluation of the remodeling process over time. Cell phenotype and morphology were evaluated at all time points using immunohistochemistry and immunolabeling techniques. Heart dimensions and function were quantified using echocardiography prior to surgery and at 4 and 16 weeks postsurgery.
Preparation of C-ECM
Intact porcine hearts were perfusion decellularized to produce a C-ECM biological scaffold as previously described [Wainwright et al., 2010] . Briefly, porcine hearts were obtained immediately following euthanasia and frozen at -80 ° C for at least 16 h and thawed. The aorta was cannulated and alternately perfused with type 1 reagent grade (type 1) water and 2 ! PBS at 1 liter/min for 15 min each. Serial perfusion of 0.02% trypsin/0.05% EDTA/0.05% NaN 3 at 37 ° C, 3% Triton X-100/0.05% EDTA/0.05% NaN 3 , and 4% deoxycholic acid was conducted (each for 2 h at approximately 1.2 liters/min). Finally, the heart was perfused with 0.1% peracetic acid/4% EtOH at 1.7 liters/min for 1 h. After each chemical solution, type 1 water and 2 ! PBS were flushed through the heart to aid in cell lysis and the removal of cellular debris and chemical residues. The free wall of the decellularized porcine right ventricle (RV) was lyophilized and 6-mm-diameter patches were cut using a tissue punch. The 6-mm Dacron patch was cut from Bard DeBakey Woven Fabric (Bard Peripheral Vascular, Inc., Tempe, Ariz., USA) ( fig. 1 ) . The average C-ECM patch thickness was 2.5 mm and the Dacron patch was 0.25 mm thick. All patches were packaged in sterilization pouches and terminally sterilized using ethylene oxide (EO gas sterilizer Series 3 Plus; Anderson Products, Haw River, N.C., USA). The cellular content (i.e. decellularization efficacy) of porcine heart samples was assessed using three criteria: (1) the absence of visible nuclear material on hematoxylin and eosin (H&E)-stained and 4,6-diamidino-2-phenylindole (DAPI)-stained sections, (2) a Quant-iT PicoGreen assay (Invitrogen, Carlsbad, Calif., USA) for quantification of double-stranded DNA, and (3) evaluation of a 2% agarose gel to determine the size of the remaining DNA fragments [Gilbert et al., 2009; Crapo et al., 2011] .
RVOT Surgical Procedure
Adult female syngeneic Lewis rats (Harlan Sprague Dawley, Inc., Indianapolis, Ind., USA) weighing 175-200 g were used for the RVOT replacement procedure as previously described [Fujimoto et al., 2007] . Briefly, a surgical plane of anesthesia was obtained using isoflurane (approximately 2.5%) in oxygen. The animals were intubated with a 16-gauge catheter and respiration maintained at 60 cycles/min and a tidal volume of 1.5 ml. Using aseptic techniques with sterile instruments, the skin of the chest was sterilized with povidone-iodine solution and the heart was exposed through a median sternotomy. A purse string suture with a diameter slightly larger than 6.0 mm was placed in the free wall of the RVOT with Surgipro II 7-0 polypropylene sutures (Covidien, Mansfield, Mass., USA). Both ends of the suture were passed through a 22-gauge plastic vascular cannulae, which was used as a tourniquet. The tourniquet was tightened and the distended part of the RVOT wall inside the purse string suture was resected. The tourniquet was briefly released to determine whether massive bleeding occurred, which indicated that a transmural defect had been created in the RVOT. A 6-mm C-ECM or Dacron patch was sutured along the margin of the purse string suture with 7-0 polypropylene over-and-over sutures to cover the defect in the RVOT. After completion of suturing, the tourniquet was released and the purse string suture was removed. After the expansion of lungs using positive end-expiratory pressure, the sternum was closed parasternally with four interrupted Surgipro 5-0 polypropylene sutures (Covidien). The muscle layer and skin were closed with Polysorb 4-0 absorbable sutures (Covidien). The first 3 days after surgery, buprenorphine (0.5 mg/kg) analgesia and cefuroxime (100 mg/kg) antibiotic were administered twice a day subcutaneously and intramuscularly, respectively. One animal in each group was sacrificed at 2, 4, and 8 weeks postsurgery and 8 animals from each group were sacrificed at 16 weeks postsurgery. At the time of sacrifice, animals were anesthetized by inhalation of isoflurane (5%) in oxygen. Cardiac arrest solution (68 m M NaCl, 60 m M KCl, 36 m M NaHCO 3 , 2.0 m M MgCl 2 , 1.4 m M Na 2 SO 4 , 11 m M dextrose, 30 m M butanedione monoxime, and 10,000 U/l heparin) was administered intravenously and hearts were excised after death was confirmed. The research protocol followed the 
Immunohistochemistry and Immunolabeling Methods
The hearts were fixed in 4% paraformaldehyde for 20 min followed by rinsing in PBS. The hearts were then placed in a 30% sucrose solution for at least 16 h. Hearts were bisected along the short axis midway through the patch with a razor and placed in optimal cutting temperature solution (Sakura Finetek USA, Inc., Torrance, Calif., USA). Five-micrometer-thick frozen sections were cut for mounting, staining, and histological evaluation. Masson's trichrome stain was used to visualize muscle, fibrous tissue, and nuclei using a Nikon TM E600 microscope (Nikon Instruments, Inc., Melville, N.Y., USA). The von Kossa stain was used to visualize calcification. Monoclonal anti-␣ -actinin (sarcomeric) antibody (1: 200; Sigma-Aldrich, St. Louis, Mo., USA) and cardiac troponin T antibody (1: 100; Abcam, Cambridge, Mass., USA) were used to label cardiomyocytes. von Willebrand factor (vWF) antibody (1: 100; Abcam) was used to identify endothelial cells. Smooth muscle myosin heavy chain 2 (SMMHCII) antibody (1: 75; Abcam) was used to label smooth muscle cells. Connexin 43/GJA1 antibody (1: 200; Abcam) was used to visualize gap junctions. All primary antibodies were incubated for 2 h at room temperature in 1% bovine serum albumin (BSA) followed by five 1% BSA washes. All Alexa Fluor secondary antibodies (Life Technologies, Carlsbad, Calif., USA) were used at a concentration of1: 200 in 1% BSA for 2 h at room temperature followed by five 1% BSA washes. Nuclei were counterstained with DAPI and/or DRAQ5 TM (Biostatus Limited, Shepshed, UK). Immunofluorescent (IF) slides were imaged on a Leica DMI 4000B (Leica Microsystems, Inc., Buffalo Grove, Ill., USA) or Fluoview 1000 (Olympus America, Center Valley, Pa., USA) confocal microscope.
Echocardiographic Analysis
Echocardiographic measurements were obtained preoperatively and at 4 and 16 weeks postoperatively. Animals underwent isoflurane anesthesia (1.5% isoflurane with 100% oxygen gas inhalation through a nose cone). When the anesthesia plane was established, B-mode, M-mode, and color flow mapping echocardiography was performed (Philips HD11 system; Philips, Andover, Mass., USA). We visualized left ventricle (LV) short and long axis views and RV outflow to pulmonary valve short and long axis views. RV and LV minimum and maximum diameters were measured using M-mode echocardiography. Acquired images were converted to Dicom image files and the cavity diameters and LV fractional shortening were calculated using Image J software (NIH, Bethesda, Md., USA).
Statistical Analysis
A repeated measures ANOVA with Tukey's post hoc analysis was performed to determine whether differences existed between the preoperative, the 4 weeks postoperative, and the 16 weeks postoperative echocardiographic values within each patch group. p = 0.05 was considered statistically significant (Minitab version 15.1.1.0; Minitab, State College, Pa., USA).
Results

Surgical Observations
Macroscopic and scanning electron microscopy (SEM) images of the patches can be seen in figure 1 . The 6-mm patches replaced approximately 25% of the RV free wall ( fig. 1 b) . At the time of implantation, it took longer to achieve hemostasis with the Dacron patch than with the C-ECM patch. There was one postoperative death in both the Dacron and C-ECM group. Due to the 2.5-mm thickness of the C-ECM patch, it protruded above the epicardial surface of the RV at implantation, but the difference was minimal as remodeling progressed to the time point of 16 weeks ( fig. 2 ). There were dense fibrous adhesions on the epicardial surface on almost all of the Dacronpatched hearts that were adhered to the sternum, but there were fewer adhesions on the C-ECM-patched hearts ( fig. 2 ) .
Immunohistochemistry Analysis
The Dacron material successfully patched the RVOT defect but was encapsulated by fibrous tissue, and there were very few cells that infiltrated the polyester weave of the Dacron patch. There were minimal histologic differences in the patched region between the time points of 2, 4, 8, and 16 weeks ( fig. 3 ) . The connective tissue surrounding the Dacron patch had a continuous endothelial layer on the endocardial surface as shown by the positive staining for vWF. There were few endothelial cells and no the patch. By 4 weeks, the C-ECM patch site consisted of densely cellular connective tissue. At 8 and 16 weeks, the trichrome images showed that the C-ECM patch had remodeled into vascularized collagenous tissue with small islands of striated muscle ( fig. 3 ). von Kossa staining failed to show any signs of calcification. Staining for vWF showed a continuous endothelialized endocardium. Endothelial and smooth muscle cells were present throughout the patched regions either localized in the same area or independent from one another ( fig. 5 ). There were small islands of cells which stained positive for ␣ -actinin, cardiac troponin T, and connexin 43 both on the epicardium ( fig. 6 ) and on the endocardium ( fig. 7 ). These islands of cardiomyocytes also contained blood vessels as shown by the positive staining of SMMHC II and vWF ( fig. 7 ) . The results observed through IHC staining are preliminary in nature, however, as one sample per group was used for this analysis for the time points of 2, 4, and 8 weeks.
Echocardiographic Assessment
The RV minimum and maximum diameters were greater for the Dacron-patched hearts at 16 weeks compared to presurgery (p ! 0.05). At 16 weeks postsurgery, the RV minimum diameter was 150% greater than at presurgery, and the RV maximum diameter was 130% greater than the presurgery values ( fig. 8 ). The C-ECM-patched hearts at either time point showed no statistical differences in functional or dimensional measurements compared to presurgery values ( fig. 8 ).
Discussion
A biologic scaffold composed of C-ECM was shown to be suitable as a replacement material for a full-thickness RVOT defect in this rat model. There was no morphologic evidence for persistence of the C-ECM, which ap- peared to have been completely degraded and replaced by host tissue that showed cardiac-specific markers at the periphery of the reconstructed area, including small islands of cardiomyocytes. By 16 weeks, the 2.5-mm-thick C-ECM patch had remodeled such that the thickness was similar to that of the native RVOT and the function and global dimensions of the heart were normal at 4 and 16 weeks postsurgery. In contrast, the Dacron material was surrounded by a dense fibrous capsule and the RV areas increased from the time of surgery until the time point of 16 weeks, indicating ventricular dilation. This difference may be partially attributed to differences in the mechanical properties of each patch material. This is the first study reporting the use of cardiac-specific ECM to facilitate the constructive repair of a ventricular defect. Previous studies investigating the use of noncardiac ECM scaffolds for myocardial reconstruction have been associated with the presence of c-kit-positive cells, angiogenesis, small patches of cardiomyocytes, and partially organized collagenous connective tissue [Kochupura et al., 2005; Robinson et al., 2005; Ota et al., 2007; Kelly et al., 2009] . Ota et al. [2007] quantitatively analyzed the electrical activity of the patched area, whereas the present study qualitatively showed the presence of gap junctions within the small islands of cardiomyocytes. Kochupura et al. [2005] reported local contractility of the remodeled ECM scaffolds but the percentage of the patch on the free wall was only 5% so global measurements of ventricle function were of limited value [Pfeffer et al., 1979] . With the 25% (6 mm) replacement of the RV free wall, the present study was able to assess global dimensional and functional differences. The present study also had a longer end point than other degradable cardiac patch remodeling studies [Kochupura et al., 2005; Robinson et al., 2005; Ota et al., 2007 Ota et al., , 2008 Kelly et al., 2009] , allowing assessment of longer-term maturation of the defect.
The cellular infiltrate and neovascularization that was observed in the remodeled C-ECM material is typical of the in vivo host response to non-cross-linked ECM biologic scaffold materials, such as small intestinal submucosa (SIS) and urinary bladder matrix (UBM) [Badylak et al., 2002; Gilbert et al., 2007; Brown et al., 2009] . Specifically, the C-ECM material showed a cellular infiltration, angiogenic response, and degradation rate similar to those for SIS and UBM and promoted the presence of siteappropriate cells. Angiogenesis is a common occurrence following ECM placement in many anatomic locations [Chen et al., 1999; Reddy et al., 2000; Kochupura et al., 2005; Thai et al., 2009; Zhao et al., 2010] . Singelyn et al. [2009] showed migration of endothelial and smooth muscle cells toward C-ECM in the rat heart with increased arteriole formation, specifically with a gel form of C-ECM in a nondefect LV rat model. Zhao et al. [2010] recently described the time course of cellular infiltration in response to SIS particulate injection in an acute infarction with a reperfusion rat model. The cellular infiltration included initial migration of macrophages followed by myofibroblasts and angiogenesis. Suggested mechanisms of angiogenesis include: release of cytokines such as transforming growth factor-␤ (TGF-␤ ), basic fibroblast growth factor (b-FGF), vascular endothelial growth factor (VEGF), and stem cell factor [Voytik-Harbin et al., 1997; Hodde et al., 2001; McDevitt et al., 2003; Zhao et al., 2010] ; chemoattractive properties of ECM degradation products to endothelial progenitor cells Li et al., 2004; Reing et al., 2009] , and the suitability of the ECM as a substrate for endothelial cell attachment and proliferation [Badylak et al., 1999; Kalluri, 2003; Brown et al., 2006] .
The remodeled C-ECM scaffold in the present study showed focal regions of cardiomyocytes along the edges of the repair site and across the endocardial and epicardial surfaces, suggesting that the presence of these cells was dependent upon a vascular supply and the proximity of healthy myocardium. The small islands of cardiomyocytes within the C-ECM-patched area lacked syncytium, representing immature myocardium that was not capable of actively contributing to cardiac function. Possible sources of the cardiomyocytes are resident islet1-positive (isl1+) [Laugwitz et al., 2005; Bu et al., 2009 ] cells or circulating bone marrow mesenchymal stem cells [Barile et al., 2011; Mangi et al., 2003; Zantop, 2006] , both of which have been shown to form cardioblasts. The possibility also exists that iatrogenic effects caused a limited seeding of both patches but that the cardiomyocytes were only able to populate the C-ECM due to the presence of cell attachment sites and rapid angiogenesis. Further study is required to determine the origin of the cardiomyocytes and whether they would continue to mature into more functional myocardium with time.
The hearts repaired with the C-ECM patch had superior echocardiographic results compared to the hearts repaired with the Dacron patch. The Dacron RV minimum and maximum diameters increased in size by 16 weeks, which could be an early indication of aneurysm as the LV dimensions remained constant. There was no difference at the time point of 4 or 16 weeks for the C-ECM-patched heart, indicating that the patched area had constructively remodeled. The C-ECM patch did not adversely affect LV function and was not dilated; these measures are critical for an RVOT reconstruction patch. The improved echocardiographic findings of the C-ECM patch over the Dacron patch appeared to be related to the morphometric differences seen in the patched region.
Limitations of this study included the small animal model with one primary end point (i.e. 16 weeks) and that the source of the cells populating the patched region was not specifically determined. While the rats did increase their weight by about 25%, a 6-month juvenile sheep model is the standard for CHD reconstruction due to calcification issues and growth rates similar to those of children [Hopkins et al., 2009] . The increase in weight observed was not indicative of structural and organ growth and was not expected to have a significant effect on final RV and LV volume measurements. Therefore, these measurements could be normalized to preoperative values for direct comparison. Only one animal was used for histologic evaluation at the early time points, which limited the analysis of cellular remodeling over time, but echocardiographic measurements enabled functional analysis of the tissue remodeling time course. A Dacron control was used in this study because of its current surgical use in cardiac and vascular tissue repair and its low thrombogenicity. Direct comparison of Dacron patches to C-ECM patches must account for differences in the initial thickness of the materials, which may contribute to final volumetric and dimensional differences in RV and LV structure.
While the findings of the present study are preliminary in nature, they show potential for the use of organspecific ECM in cardiac applications. This study does not explicitly show that C-ECM is better than ECM derived from other sources since head-to-head comparisons were not performed. However, the ECM of each tissue is synthesized by the resident cells and is in a state of dynamic reciprocity with these cells [Bissell et al., 1982; Nelson and Bissell, 2006] . Hepatocytes have shown superior structure and function when seeded upon liver-derived ECM scaffolds compared to ECM scaffolds derived from nonhepatic sources [Sellaro et al., 2007] . Hydrated decellularized tracheal matrix supported the formation of sitespecific epithelium and provided sufficient short-term mechanical integrity to withstand physiologic pressures [Remlinger et al., 2010] . Decellularized lung ECM provided signals for site-appropriate differentiation of mouse embryonic stem cells in the absence of other distinguishing cues [Cortiella et al., 2010] . Based on the tissue-specific structure and composition of C-ECM [Ott et al., 2008; Wainwright et al., 2010] and previous data showing advantages of tissue-specific ECM [Sellaro et al., 2007; Cortiella et al., 2010; Remlinger et al., 2010] , it is logical that C-ECM would be a preferred scaffold material for myocardial reconstruction over ECM derived from nonhomologous sources. Reconstruction of the RVOT with a cardiac-derived ECM scaffold patch has not been evaluated prior to this study, but previous studies have used methods to engineer cardiac tissue before implantation. Sakai et al. [2001] used a 15-mm gelatin sponge that was preseeded with rat cardiomyocytes for 1-3 weeks and subsequently implanted. Similarly, Ozawa et al. [2004] used a caprolactone-based PCLA copolymer sponge seeded with smooth muscle cells. Each of these studies reported the ability of cell-seeded sponge materials to support the growth of fibrous tissue and the formation of an endothelial lining in the RVOT. However, there was little evidence that these scaffold materials were able to form functional tissue, and there was no analysis of ventricular function or dimensional changes.
Biodegradable polymer materials are used more commonly than cell-seeded sponges to repair damaged cardiac tissue and are a more attractive option. Yang et al. [2006] investigated a porous P4HB biodegradable synthetic patch material seeded with aortic cells. The study, however, was limited to 1 week in culture and did not perform any in vivo analysis of the material. Another study conducted by Kalfa et al. [2010] investigated a polydioxanone patch that was seeded with autologous mesenchymal stem cells in a growing lamb model. These patches were reported to display growth potential with less fibrosis and a more well-developed endothelial lining compared to a PTFE patch [Kalfa et al., 2010] . The results from each of these studies are also promising but lack a functional, global analysis of cardiac function after repair as well as confirmation of the presence of cardiacspecific cells.
The present study suggests that a biologic scaffoldbased approach, using a site-specific C-ECM material without the requirement of preseeding with cells, has potential for myocardial repair. The absence of a cellular component makes C-ECM an attractive option since the tissue repair patch can be easily produced and stored. A large majority of currently used cardiac patches are polymer-based scaffolds that are associated with a low rate of thrombogenicity, but these scaffolds lack growth potential and inevitably form fibrotic tissue when implanted. The use of an unseeded biodegradable PEUU patch to repair the RVOT was investigated by Fujimoto et al. [2007] with results similar to those from previous studies. The PEUU patch demonstrated the ability to form an en-dothelial lining but largely formed a fibrous encapsulation in the area. Fibroblast infiltration was observed; however, there was little evidence of constructive remodeling into cardiac-specific tissue, and ventricular functional analysis was not reported. C-ECM produced by the described method possesses morphological advantages over current clinical materials for reconstructive surgeries due to the macroscopic and ultrastructural similarities to the region being replaced. For example, it may be possible to reconstruct the entire outflow tract, valve, and pulmonary artery from a decellularized intact porcine heart [Ott et al., 2008; Wainwright et al., 2010] . Furthermore, the advantageous mechanical behavior of the C-ECM relative to the normal heart [Wainwright et al., 2010] and subsequent remodeling could reduce the incidence of aneurysm formation [Breymann et al., 2009] . The use of decellularized xenogeneic tissue would also eliminate the current issues associated with homografts, specifically insufficient supply and limited size availability [Hickey et al., 2009; Konuma et al., 2009] . ECM scaffolds generally could eliminate issues of sensitization and rejection that are currently experienced with the use of homografts in pediatric patients, thereby increasing the potential for successful donor matching in a population that may require an orthotopic heart transplant [Rajani et al., 1998 ]. Numerous studies have shown the lack of an adverse immune response when an appropriately decellularized noncross-linked ECM biologic scaffold is placed within a xenogeneic recipient [Chen et al., 1999; Reddy et al., 2000; Brown et al., 2009; Daly et al., 2009] . Finally, it may be possible to use a 3-dimensional (3D) C-ECM patch seeded with stem cell-derived cardiomyocytes [Yang et al., 2008; Kamp and Lyons, 2009 ] to obtain an actively contracting patch as ECM in multiple in vitro investigations has been shown to support synchronously contractile cardiomyocytes [Ott et al., 2008; Eitan et al., 2010; Hata et al., 2010; Shah et al., 2010] . Additional studies are needed to assess the potential of C-ECM biologic scaffold material, but the possibility of using 3D C-ECM for the correction of CHD is promising.
